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Obtaining a Relationship Between
Process Parameters and Fracture
Characteristics for Hybrid CO2
Laser/Waterjet Machining of
Ceramics
A combined experimental and analytical approach is undertaken to identify the relation-
ship between process parameters and fracture behavior in the cutting of a 1 mm thick
alumina samples by a hybrid CO2 laser/waterjet (LWJ) manufacturing process. In LWJ
machining, a 200 W power laser was used for local heating followed by waterjet quench-
ing of the sample surface leading to thermal shock fracture in the heated zone. Experi-
mental results indicate three characteristic fracture responses: scribing, controlled sepa-
ration, and uncontrolled fracture. A Green’s function based approach is used to develop
an analytical solution for temperatures and stress fields generated in the workpiece
during laser heating and subsequent waterjet quenching along the machining path. Tem-
perature distribution was experimentally measured using thermocouples and compared
with analytical predictions in order to validate the model assumptions. Computed thermal
stress fields are utilized to determine the stress intensity factor and energy release rate for
different configurations of cracks that caused scribing or separation of the workpiece.
Calculated crack driving forces are compared with fracture toughness and critical energy
release rates to predict the equilibrium crack length for scribed samples and the process
parameters associated with transition from scribing to separation. Both of these predic-
tions are in good agreement with experimental observations. An empirical parameter is
developed to identify the transition from controlled separation to uncontrolled cracking
because the equilibrium crack length based analysis is unable to predict this transition.
Finally, the analytical model and empirical parameter are utilized to create a map that
relates the process parameters to the fracture behavior of alumina samples.
DOI: 10.1115/1.3026547
Keywords: CO2 laser/waterjet (LWJ) machining, thermal shock, alumina, fracture, crack
propagation, ceramic
1 Introduction
Structural ceramics, such as alumina aluminum oxide, are
widely used for a variety of applications ranging from microelec-
tronics to prosthetics because of desirable properties such as high
hardness, low chemical reactivity, high volume receptivity at el-
evated temperatures, low density, low thermal conductivity, and
ultrafine finishing capability. Traditional cutting methods for
structural ceramics are limited by their brittleness, high hardness,
and low thermal expansion, leading to increased vulnerability to
workpiece fracture, significant loss of workpiece material, tool
failure, difficulty in achieving the design requirements of high
precision and excellent surface integrity, and need for regular
maintenance due to wear 1–7.
It is crucial to develop novel machining processes that can fab-
ricate ceramic parts at a relativity high rate, while eliminating the
fractures and breakages associated with current manufacturing
methods 2,3. CO2 laser cutting is an accepted industrial tech-
nique for producing useful shapes in ceramics, such as alumina,
due to its localized heating effect and noncontact nature over me-
chanical methods. However, it does not necessarily preclude dam-
age and/or fracture of the workpiece due to uncontrolled cracking.
CO2 laser cutting of ceramics can be accomplished by three
different methods: 1 melting and evaporation where the melt
layer is blown off by a high-pressure 80–90 psi gas stream; 2
partial evaporation to form a deep groove followed by applying a
mechanical force or ultrasonic energy to break the material; and
3 controlled thermal stress fracture where the laser energy pro-
duces thermal stress causing the material separation similar to a
crack extension. The evaporation/melting mode of material re-
moval requires extreme power lasers 500 W, leading to col-
lateral thermal damage such as residual stresses, heat affected
zone, recast layer, uncontrolled fracture, etc. 5,7,8. Mechanical
score and snap methods also result in surface damage such as
microcrack, residual stress, etc. In contrast, the controlled thermal
stress fracture mode of material removal can be achieved at low
powers 15–20 W but suffers from slowness and a narrow range
of process parameters.
Thermal shock fracture of brittle materials has been investi-
gated for the last few decades. Lumley 9 was one of the earliest
researchers to demonstrate the controlled thermal fracture of glass
specimens using lasers. Controlled thermal shock fracture mecha-
nism is an energy efficient process as low-powered lasers operat-
ing below the melt/ablation threshold are utilized for localized
heating of the workpiece, and a gas stream is added for cooling
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the heated zone, leading to fracture of the sample. Tsai and co-
workers 10,11 demonstrated the thermal shock fracture mode for
cutting alumina substrates. It was also observed that larger spot
sizes help in the increase in cutting speed, as well as cut quality
over traditional machining processes. Unfortunately, control of the
fracture path necessitates the use of slow feed rates
5–10 mm /s see Refs. 10,11. In addition, the scattering er-
rors associated with the process often promote uncontrolled crack
propagation. Segall et al. 12 reported a dual-beam laser cutting
process where one beam causes prescoring of the workpiece sur-
face while the other beam fractures the sample 12. Prescored
groove on the sample surface serves to guide the thermal stress-
induced crack. As compared to single beam controlled fracture
machining, dual-beam machining produced a modest increase in
the feed rate in the cutting of alumina 150%  12.
Previous analysis of alumina fracture during laser cutting have
primarily relied on finite element analysis for prediction of ther-
mal stresses 10,13–15, and localized melting in the workpiece
has been modeled through the removal of nodes in the region
where the temperature exceeded the alumina melting temperature
13,15. Experimental observations of workpiece fracture are ex-
plained either by comparing the computed maximum tensile stress
to alumina strength 10,13,14 or through empirical probabilistic
measures based on computed stress fields 15. These approaches
are primarily suitable for the analysis of experimental observa-
tions and may not be suitable for identifying processing condi-
tions for the controlled cutting of the alumina workpiece.
A combined experimental and computational approach is uti-
lized to analyze crack propagation in the alumina workpiece dur-
ing LWJ machining. A novel approach of combining laser and
waterjet see Fig. 1 was developed, and proof-of-concept studies
on cut quality and energy efficiency in machining alumina were
reported in our previous publications 5,7. The laser heating cre-
ates a temperature gradient in a zone approximately equal to ther-
mal diffusion depth, and rapid quenching of that zone by the wa-
terjet develops thermal stresses that fracture this zone. As a result,
LWJ machining allows higher feed rates and cleaner cuts. In ad-
dition, it avoids the formation of liquid and gaseous phases, mak-
ing the cutting process more energy efficient and free from haz-
ardous emission.
In this work, cutting experiments are conducted to identify typi-
cal process parameters that correspond to scribing, controlled
separation, and uncontrolled fracture of the workpiece. An ana-
lytical model is developed for determining the transient tempera-
ture and stress distribution during laser heating and subsequent
waterjet quenching. Measured thermal histories of samples during
LWJ cutting are compared with model predictions to validate the
thermal analysis and modeling assumptions. The experimentally
validated model is used to compute driving forces for two differ-
ent crack configurations: i plane strain crack, which a single
dominant crack aligned with the through-thickness direction 16,
and ii channeling, which is a crack aligned along the cutting
direction 17,18. Crack driving forces are compared with the
fracture toughness of alumina to obtain a relationship between
process parameters and workpiece fracture characteristics.
2 Experimental Procedure
Square plates of 96% alumina that were 1001001 mm3 in
dimension were purchased from Coorstek Golden, CO and
samples of 2525 mm2 were prepared for LWJ cutting experi-
ments. Two different experiments are performed on alumina
samples: The first set of experiments were used to determine the
processing parameters that correspond to controlled separation,
and the second set of experiments were used to record the tem-
perature history of specimens during laser waterjet machining. A
simple fixture was fabricated to hold the samples such that the
area directly below the cutting path is not in contact with metallic
surfaces to minimize heat transfer at the bottom surface Fig. 2.
The details of the hybrid laser waterjet cutting system are de-
scribed in a previous publication 5.
2.1 Experiments on Machining of Alumina. LWJ experi-
ments were conducted to investigate the effect of two process
parameters—line energy laser energy per unit cutting length and
surface energy density laser energy per unit surface area—on the
fracture behavior of alumina samples. Different values of process
parameters were achieved by varying the laser power from
100 W to 200 W and the cutting speed from
25 mm /s to 50 mm /s 60–120 in. /min and using two different
laser spot sizes 0.6 mm defocused beam and 0.2 mm focused
beam. Other process parameters, such as water pressure, dis-
tance of separation between the heating and the cooling zone, and
waterjet nozzle size, were set at 2 MPa, 1.3 mm, and 0.3 mm,
respectively.
2.2 Thermal History of Alumina Samples During LWJ
cutting. Thermocouples were attached to alumina samples at off-
set distances of 1 mm, 2 mm, and 3 mm from the laser path as
schematically shown in the inset of Fig. 2 to record the tempera-
ture history during laser/waterjet cutting. The temperature was
measured using K-type thermocouples with a 0.8 mm head diam-
eter Omega, PA suitable to measure temperatures of up to
1250°C. A data acquisition system was used to record the tem-
perature at a time interval of 0.5 s during the LWJ cutting.
3 Thermal Stress and Crack Driving Force Calcula-
tion
An analytical model is developed to predict the temperatures
and stress fields in alumina samples undergoing laser/waterjet ma-
chining. Computed stress fields are subsequently used to obtain a
relationship between the process parameters and driving forces for
different configurations of cracks that lead to cutting/scribing of
the workpiece.
3.1 Analytical solution of temperature and stress fields.
Temperature distribution, Tx ,y ,z , t, in the workpiece is deter-
mined by modeling the laser and waterjet as a rectangular source
and sink 19, respectively, as shown schematically in Fig. 3, in
order to simplify the analytical solutions. Transient temperature
distributions are obtained by the solution of the following diffu-
sion equations:
cp
T
dt
= k2T + qx,y,t,Ih,Ic
qx,y,t,Ih,Ic = IhHhx − xHvt − y − Hvt − y − 2hy
− IcHcx − xHvt − 2hy − l0 − y
− Hvt − 2hy − l0 − 2cy − y 1
where cp is the specific heat of the material,  is the density of the
Fig. 1 Schematic representation of the laser/waterjet system
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material, k is the conductivity of the material, qx ,y , t , Ih , Ic is the
total heat input, Ih is the heating intensity of the laser beam and Ic
is the cooling intensity of the waterjet, H is the Heaviside func-
tion, v is the velocity of the cutting head, hx, cx, hy, and cy are the
half lengths of the heating and cooling zones along the x and y
directions, respectively, and l0 is the separation distance between
the laser spot and the waterjet cooling zone on the surface of the
workpiece. Elperin et al. 19 previously reported an analytical
solution for the temperature field using an error function represen-
tation that provides an elegant solution but leads to complicated
and cumbersome expressions in the calculation of thermal stress
distributions. In order to simplify the thermal stress calculation,
we have used an eigenfunction expansion for the solution of the
temperature fields.
Both the laser heating and waterjet cooling occurs on the top
surface, and hence the convective heat transfer boundary condi-
tions are used for the top surface. Insulated boundary conditions
are used at the bottom surface. Convective heat transfer boundary
conditions are used for all the side surfaces except y=0 mm start-
ing edge, which is modeled as an insulated surface, to simplify
the analytical solution. As a result, initial and boundary conditions
for the heat flow are
Tx,y,z,t = 0 = T0
Fig. 2 Schematic representation of the fixture with the workpiece in posi-
tion during machining. Inset shows the thermocouple measurement points
for recording the temperature history.
Fig. 3 Orientation of the axes with respect to the workpiece. The y-axis
represents the cutting direction.
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k
T
z z=d/2
= k
T
x x=a
= k
T
y y=b
= − hT − TA
T
z z=−d/2
=
T
y y=0
= 0 insulated boundary condition 2
The transient temperature distribution is determined using a
Green’s function approach
Tx,y,z,t
=
0
t
0
b
−a
a
qx0,y0,t0,Ih,Icx,x0,y,y0,z,t,t0dx0dy0dt0 + T0
3
where x ,x0 ,y ,y0 ,z , t , t0 is the solution to the associated prob-
lem
cp
T
dt
= k2T + x − x0y − y0z − d2	t − t0 4
Eigenfunction expansions along the x, y, z coordinates are utilized
to determine the series representation of Green’s function 
x,x0,y,y0,z,t,t0
=

k

n=1

exp− 	n
2t − t0cos	nxcos	nx0
· 

m=1

exp− 
m
2 t − t0cos
mycos
my0
· 

l=1

exp− l
2t − t0cosldcoslz + d/2 · Ht − t0
5
where 	n, 
m, and l are the eigenvalues along the x, y, z direc-
tions, and  is thermal diffusivity.
Nonuniform heating and cooling of the specimen leads to the
development of thermal stresses in the specimen 20. Uncoupled
quasistatic thin plate analysis is used to determine the resulting
thermal stress fields. For the sake of brevity, only the stress com-
ponent xx along the x axis that results in the opening or closing
of microcracks is discussed. Similar analysis may be utilized to
calculate the other components of stress. Normal stress along the
x axis of the free plate subjected to the temperature distribution,
Tx ,y ,z , t is
xx =
1
1 − − ET + 1d 1 − Nx + NT	 − 12zDd3  
2w
x2
+
2w
y2 	
6
where  is Poisson’s ratio,  is the coefficient of thermal expan-
sion, E is Young’s modulus, Nx is the in-plane force per unit
length, D is the bending rigidity of the plate per unit length, w is
the out-of-plane displacement along the z direction, and NT is
calculated as
NT = E
−d/2
d/2
Tdz 7
The in-plane forces per unit length are determined from the in-
plane equilibrium equations while the out-of-plane displacement
field is determined from the equilibrium of moments and out-of-
plane forces.
The thermomechanical analysis of laser/waterjet machining is
based on the following assumptions: physical and thermal proper-
ties of materials and surface heat transfer coefficients are assumed
to be independent of temperature, and uncoupled quasistatic ther-
moelasticity is used to describe material response. In addition,
only a small volume of the material is expected to undergo melt-
ing, evaporation, and resolidification during LWJ machining, and
it is assumed that this small volume has minimal influence on
thermal stress development in the rest of the specimen. Conse-
quently, the process of material melting, evaporation, and solidi-
fication are not included in this analysis.
3.2 Computational Procedure for Crack Driving Forces.
During LWJ machining, laser irradiation not only heats the sur-
face but also causes localized damage that results in crack nucle-
ation and propagation during the waterjet quenching. Laser-
induced damage can result into two possible crack
configurations—edge crack toward the center of the plate or chan-
neling crack along the surface—schematically represented in Fig.
4. LWJ machining is represented through a two step analysis: 1
at the beginning of the cut when there are no preexisting cracks in
the workpiece, plain strain analysis of edge crack is utilized to
approximate the initial cut depth; and 2 subsequent analysis of
the channeling crack is utilized to approximate the propagation of
the initiated cut along the laser path.
Thermal stress fields are used to compute the crack driving
forces corresponding to different crack lengths for both crack con-
figurations. The stress intensity factors for plane strain edge
cracks are calculated using the weight function method for Mode
I loading of the crack in the x-z plane 21. The weight functions
for different crack lengths were computed using a finite element
package, ABAQUS Providence, RI.
The channeling of an edge crack is a three-dimensional process
and for steady state crack extension, it is assumed that edge crack
will channel at a fixed depth, with a constant tip shape and con-
stant release rate. Hence, the driving force for a steady state crack
growth is determined from the average energy release rate over
the depth of the channeling crack front 17
Gt =
1
a

0
a
Gpada 8
The stress intensity factor calculated for plane strain cracks are
used in the above equation to compute the energy release rate for
channeling cracks of different depths.
Fig. 4 „a… Plane strain cracking and „b… crack channeling
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4 Experimental Results
The samples obtained from cutting experiments were catego-
rized on the basis of the observed fracture response into scribing,
controlled separation, and uncontrolled fracture, as shown in Fig.
5. Fracture behavior at different line energy laser energy per unit
length inputs is plotted in Fig. 6a for the two laser spot sizes.
Cutting experiments with a focused spot size of 0.2 mm results in
uncontrolled cracking for high line energy values and controlled
separation or scribing for only a narrow range of line energy val-
ues. In contrast, the 0.6 mm spot size resulted in controlled sepa-
ration over a wide range of line energy values and a sharp transi-
tion from scribing to controlled separation at a line energy value
of 4.00 J /mm. Observed fracture behaviors are also plotted as a
function of surface energy density laser energy per unit irradiated
area in Fig. 6b. At lower values of surface energy density
samples either undergo scribing or controlled separation but at
larger magnitudes of surface energy density, samples undergo un-
controlled cracking. These experiment results indicate that both
line energy and surface energy density are important parameters in
determining the controlled separation of alumina samples under-
going LWJ machining. Thus, line energy determines the transition
from scribing to fracture for larger spot sizes while the surface
energy density determines the transition from controlled cracking
to uncontrolled cracking.
Depth of crack induced in the scribed samples during LWJ
machining was also measured to compare with theoretical predic-
tions of crack growth. For this purpose, a low surface tension dye
was applied and allowed to dry on the top surface. Subsequently,
the samples were broken along the scribed crack and examined
Fig. 5 „a… Photographs of scribing, „b… controlled, and „c… un-
controlled fracture
Fig. 6 „a… LWJ cutting of alumina for different spot sizes at 2.07 MPa of
water pressure and „b… LWJ cutting results at 2.07 MPa of water pressure
Fig. 7 SEM image of dye penetration in broken scribed specimens: „a… low line energy
scribing and „b… high line energy scribing
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with the help of scanning electron microscope SEM. Typical
SEM images of cracked samples scribed at low 3 J /mm and
high line energy values 4 J /mm are presented in Figs. 7a and
7b, respectively. The dye covered surfaces appear darker than
uncovered alumina surfaces due to a difference in atomic numbers
and hence can be used to identify the scribed crack depth. In the
samples scribed at low line energy values, dye penetration and
depth of scribed crack are consistently found to be less than
100 m or less than 10% of the sample thickness Fig. 7a. In
the samples scribed at high line energy values, maximum dye
penetration is found to be approximately 600–700 m or about
60–70% of the sample thickness. For the deeper cracks dye seems
to have flown along the crack in the form of fingers, which may be
attributed to the small crack opening to depth ratio. Hence, we
have approximated the scribed crack depth at high line energy
values to be the maximum dye penetration at about 60–70% of the
sample thickness.
Representative temperature histories recorded at points that are
at distances of 1 mm and 2 mm from the cutting line during LWJ
machining at a laser power of 150 W, spot size of 0.6 mm, and
cutting velocity of 29.6 mm /s 70 in. /min are plotted in Figs.
8a and 8b, respectively. Temperature values measured at op-
posite sides of the laser path match each other within 2°C.
5 Analytical Predictions and Discussion
5.1 Temperature and Thermal Stress Distributions. Tran-
sient temperature and stress distributions in the alumina specimen
were evaluated for a range of process parameters. In the analytical
model, quantities such as specimen dimensions, cutting velocity,
laser spot size, waterjet area, separation between the laser beam
and waterjet, were chosen to exactly match the experimental con-
ditions. Material properties used for the alumina specimen are
given in Table 1 and are assumed to be temperature independent.
Intensity of the heat flux incident over the laser spot was deter-
mined from
Ih = as
4P
b2
9
where P represents laser power, b represents the diameter of the
laser beam spot used in LWJ machining, and as represents the
absorption coefficient for the alumina specimen. Alumina is
known to exhibit high absorption of CO2 laser radiation on the
order of 95% 22,23. It was assumed that as=0.72, i.e., 72% of
the laser incident energy is absorbed in the sample based on ap-
proximating 5% losses in the laser optics and 20% losses due to
the presence of water vapor and 95% absorptance of CO2 laser
beam at 10.6 m wavelength for alumina.
In the numerical model, waterjet quenching of the laser heated
area is approximated using a heat sink along with convective cool-
ing over the top surface because the large temperature variation
over the sample generates nonuniform convection involving both
forced convection due to water flow and pool boiling over the
cutting path water vapor/mist formation was observed during the
experiments. The cooling intensity of heat sink and the convec-
tion heat transfer coefficient were estimated using the following
two assumptions: 1 waterjet quenching will rapidly reduce the
temperature of the laser heated area to room temperature; and 2
flow of water over the sample will result in forced convection
with coefficient value between 50 W /m2 K and 20,000 W /m2 K
24,25. In addition, analytical predictions were compared against
measured temperature histories to obtain the effective sink inten-
sity and heat transfer coefficient over the surface.
Temperature distribution is computed for a finite area of 0.04
0.1 m2 for the boundary conditions mentioned in Eq. 3, using
50 eigenvalues along the x and z axes and 400 eigenvalues along
the y axis. Number of eigenvalues along each direction was cho-
sen on the basis of numerical convergence studies to ensure that
the increase in the number of eigenvalues produces an insignifi-
cant change in the predictions of the maximum tensile stress on
the surface during waterjet quenching. Comparison of numerical
predictions for different combinations of laser power and cutting
velocity showed that the predicted temperature and thermal
stresses were approximately the same for a fixed line energy
value. Hence for the sake of brevity, all the results are presented
as a function of line energy rather than different laser power and
cutting velocity values.
Predictions at 1 mm from the cutting path for three different
cooling intensities, and convective heat transfer coefficients are
compared with experimental measurements during LWJ machin-
ing at a line energy of 5 J /mm for a spot size of 0.6 mm in Fig.
8a. Case A corresponds to a cooling intensity Ic of 25
106 W /m2 and convective coefficient of 10103 W /m2 K,
Case B corresponds to a cooling intensity Ic of 25106 W /m2
Fig. 8 Comparison of experimental measurements and nu-
merical prediction of temperature during LWJ machining: „a…
temperature measured at 1 mm from the cutting path „ and 
markers… and numerical predictions for three different condi-
tions „curves A, B, and C…; and „b… measured temperature „
and  markers… and numerical predictions „curve A… at a 2 mm
offset from the cutting path
Table 1 Properties of alumina used in the analysis
Density
kg /m3
Thermal
conductivity
W/m K
Specific heat
capacity
J/kg K
Young’s
modulus GPa
Thermal
coefficient of
expansion /K
3720 5 1320 330 8.510−6
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and convective coefficient of 6103 W /m2 K, and Case C corre-
sponds to a cooling intensity Ic of 50106 W /m2 and convec-
tive coefficient of 10103 W /m2 K. A comparison of the three
curves reveals that the heat transfer coefficient determines the
peak temperatures while the cooling intensity determines the rate
of cooling during the quenching process. Best approximation of
the experimental data is achieved in Case C but this choice of
cooling intensity results in quenching of the material on the cut-
ting path to temperatures significantly below the waterjet tempera-
ture. As a result, the value of cooling intensity in Case A was
chosen to approximate the LWJ machining for a line energy of
5 J /mm because it ensures quenching of the material on the cut-
ting path to room temperature and produces reasonable agreement
with the experimentally measured temperature at a distance of
1 mm and 2 mm from the cutting path, as shown in Figs. 8a and
8b, respectively.
Similar procedure was utilized to identify the cooling intensity
that approximates the waterjet quenching at other line energy val-
ues. Predictions of temperature history at a point along the cutting
path corresponding to two different line energy values 3.9 J /mm
and 5 J /mm are plotted in Fig. 9a. The peak temperatures are
predicted to be higher than the melting temperature as the model
considers conduction only. Phase transformations in the form of
melting, vaporization, and resolidification are ignored in this
analysis and as a result peak temperature predictions for points
along the laser path are higher than the vaporization temperature.
It is appropriate to note that our main focus will remain on the
prediction of tensile stresses, which occurs during cooling, rather
than the compressive stresses during heating, and hence the melt-
ing and vaporization effect can be ignored. Also, the size of such
high-temperature zones are small 70 m and are shown in the
experimental results discussed in Ref. 5. However, these very
high temperatures do not affect the calculation of crack driving
forces and subsequent conclusion. It is important to note that peak
temperatures and associated compressive stresses do not influence
the tensile stresses generated during waterjet quenching, and
hence our assumption of ignoring phase transformations is justi-
fied and our model successfully captures the essential mechanisms
governing material separation during LWJ machining.
Predictions of in-plane stress component, xx, for LWJ machin-
ing at a line energy of 3.9 J /mm at the top, middle, and bottom
surfaces at a point along the laser path are plotted in Fig. 9b.
Arrival of the laser spot on the top surface leads to rapid heating
and development of compressive stresses. Quenching of the laser
heated area with the waterjet results in the development of large
tensile stresses on the top surfaces while the middle and bottom
surfaces are relatively unstressed. Through-the-thickness stress
distribution at the instance of maximum tensile stress on the top
surface is plotted in the inset shown in Fig. 9b. This large in-
plane tensile stress will result in the propagation of cracks that
lead to scribing or splitting of the specimen.
Our solution approach for both temperature and stress calcula-
tions relies on the summation of eigenfunctions for temperature
and stress computations. The number of eigenvalues along each
direction was chosen on the basis of numerical convergence stud-
ies to ensure that the increase in the number of eigenvalues pro-
duces an insignificant change in the predictions of the maximum
tensile stress on the surface during waterjet quenching. Eigenfunc-
tion expansion provides a simple form for the temperature and
stresses but suffers from very slow convergence in resolving large
gradients associated with changes in the sign of the surface heat
flux from laser heating to waterjet cooling. The slow rate of con-
vergence leads to a wavy profile for the temperature between the
laser heating and subsequent cooling. Increasing the number of
eigenfunctions in the temperature and stress calculations leads to
smoother curves but leads to extremely large computational times.
However, the increase in eigenvalues has no effect on the magni-
tude of the maximum tensile stress that occurs away from this
undulating profile. Since the focus of this paper is to determine the
crack propagation driven by the maximum tensile stress, conver-
gence studies were based on the magnitude of the maximum ten-
sile stress rather than the shape of overall temperature curves.
5.2 Crack Driving Forces. Predicted stress histories were
used to calculate the driving forces for plane strain and channeling
crack configurations. Crack driving forces reach the maximum at
the instant when the top surface is subjected to maximum tensile
stress during waterjet quenching shown in Fig. 9b. The com-
puted stress intensity factors for plane strain cracks at that instant
are plotted as a function of crack length for four different process-
ing parameters in Fig. 10. Computed energy release rates for
channeling cracks are plotted as a function of the crack depth for
the same processing conditions in Fig. 11. First three predictions
correspond to LWJ machining with a laser spot size of 0.6 mm
and line energies of 3.0 J /mm, 3.9 J /mm, and 5.0 J /mm, respec-
tively. First two line energy line values resulted in scribing while
the third case corresponds to the controlled separation of alumina
specimens. The fourth prediction corresponds to LWJ machining
with A spot size of 0.2 mm and line energy of 5.0 J /mm, which
results in high surface energy density 33 J /mm2 and uncon-
trolled cracking. In all the cases, stress intensity factor KI and
energy release rates G are highest for cracks that are approxi-
mately 0.1 times the thickness due to the large tensile stresses
induced on the top surface during quenching. KI and G rate de-
crease as the crack becomes longer and reach a minimum for
cracks that are roughly 0.5–0.6 times the thickness due to the
compressive stresses induced in the middle portion of the material
Fig. 9b. In addition, the increase in both the line energy and the
surface energy density leads to an increase in the computed values
Fig. 9 „a… Temperature plot at x=0 m, and y=0.004 m at vari-
ous line energies and „b… stress plot at x=0 m, and y
=0.004 m at various z with the inset showing the stress across
the thickness
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of KI and G. For the same line energy value, LWJ machining with
a smaller spot size results in higher values of KI and G for cracks
shorter than 0.4 times the thickness.
Numerical predictions of KI and G are also compared to alumi-
na’s fracture toughness KIc and critical energy release rate Gc
in Figs. 10 and 11, respectively, in order to estimate the cut depth
at the start of LWJ machining, as well as the equilibrium depth of
the channeling crack for each processing condition. As shown in
the Fig. 10, KI for cracks shorter than 0.25–0.45 times the thick-
ness is larger than KIc of the alumina for the given range of line
energy values. Thus, the initial cut depth will be in the range of
0.25–0.45 times thickness. In addition, G for channeling cracks of
these depths is higher than Gc for the processing parameters con-
sidered in Fig. 11, therefore the initial cracks are expected to
propagate along the laser path. However, these predictions of cut
depth are most appropriate for machining situations where laser
irradiation-induced damage is only confined to the top surface of
the specimen. These predictions cannot be directly compared to
experimental observations of through-cuts where laser radiation is
incident over the specimen boundary resulting in damage and sub-
sequent cracking across the whole thickness during waterjet
quenching. As a result, the equilibrium depth of a channeling
crack is most appropriate for determining the LWJ induced cut
depth in the current experiments.
The maximum value of G increases with the increase in line
energy P /v for a fixed spot size of 0.6 mm, as shown in Figs. 10
and 11, respectively see controlled fracture P /v=5 J /mm and
scribing P /v=3.9 J /mm, and P /v=3.0 J /mm. At line energy
values lower than 3.0 J /mm, G for all crack lengths is lower than
Gc hence scribing with a crack depth less than 0.1 times the thick-
ness is observed see Fig. 7a. For line energy values between
3.0 J /mm and 3.9 J /mm, G for short cracks is greater than Gc,
but for cracks approximately 0.6 times the thickness G is lower
than Gc and as a result, scribing with a crack depth 0.6 times the
thickness is observed. As the line energy values are further in-
creased, the G value for all crack lengths becomes greater than Gc
resulting in channeling of through-the-thickness cracks or material
separation. In order to verify this hypothesis, magnitudes of pre-
dicted minimum G for channeling cracks are plotted as a function
of line energy in Fig. 12 for a fixed spot size of 0.6 mm. Com-
parison of the magnitude of the minimum energy release rate with
the range of Gc indicates that transition from scribing to material
separation should occur for a line energy value between 3.4 J /mm
and 4.4 J /mm. During the cutting experiments, the transition from
scribing to material separation is observed at a line energy value
Fig. 10 KI at various a /w „aÆcrack length and wÆ thickness… ratios
Fig. 11 G curve at various a /w „aÆcrack length and wÆ thickness… ratios
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of 3.9 J /mm and this excellent agreement between numerical pre-
dictions and experimental observations validates the hypothesis.
Thus, the magnitude of minimum energy release rate may be used
for predicting the transition from scribing to material separation
during LWJ machining.
During material separation, the transition from controlled sepa-
ration to uncontrolled cracking depends on the surface energy
density. As seen in Fig. 11, the G for shorter cracks smaller a /w
is much larger in the case of high surface energy density uncon-
trolled fracture 33 J /mm2. Previous work 26 on the stability
of crack path has shown that an increase in driving forces can
result in transition from a single straight crack to undulating and
branched crack propagation. In addition, the extent of surface
damage during laser irradiation is expected to scale in proportion
to surface energy density. Therefore, the increase in surface dam-
age and larger driving forces for smaller cracks are expected to
result in a transition from controlled separation to uncontrolled
cracking. Based on the experimental observations, surface energy
density of 33 J /mm2 is identified as the critical value at which
transition from controlled separation to uncontrolled cracking
takes place.
Number of numerical simulations of LWJ machining at differ-
ent line energy and surface energy values are carried out to create
a map shown in Fig. 13 that relates the process parameter to the
expected fracture characteristics of alumina specimens. Minimum
G for channeling cracks are used to identify the transition from
scribing to material separation, and the critical value of surface
energy density is utilized to predict transition from controlled
separation to uncontrolled cracking. Line energy values greater
than 20 J /mm will result in a “melt and blow” mode of material
separation in alumina 24 and hence are the upper limit of line
energy values in LWJ machining. Experimental observations at
laser spot sizes of 0.2 mm and 0.6 mm and numerical predictions
at a spot size of 0.4 mm are also plotted on the process map. The
process map will serve as a useful tool for identifying appropriate
LWJ parameters for cutting or scribing of alumina.
6 Conclusions
The analytical model and experimental results presented in this
paper clearly demonstrate that a fracture mechanics based ap-
proach can be used to design hybrid machining processes for
brittle materials. A hybrid laser/waterjet machining process is in-
vestigated for cutting alumina specimen. Cutting experiments
were conducted to observe fracture characteristics of alumina
samples. Numerical models were developed to predict tempera-
ture, stress field, and driving forces for cracks that result in scrib-
ing and separation of the workpiece. Comparison of experimental
and numerical results indicated that the critical value of driving
force for channeling cracks determines the transitions between
scribing to material separation, whereas a critical value of surface
energy density determines the transition from controlled separa-
Fig. 12 Minimum energy release rates plotted as a function of line energy
for a spot size of 0.6 mm
Fig. 13 Graph relating process parameters and fracture characteristics †27‡
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tion to uncontrolled cracking of the workpiece. Based on these
observations, a map is created to relate process parameters to
fracture characteristics of alumina specimens.
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